Background: This study evaluated the antimicrobial potentials of Citrus essential oils (CEOs) against spoilage microorganisms isolated from selected fruits. The fruits were randomly purchased from different markets in Akure, Nigeria.
Background
The relevance of fruits to human diet cannot be overemphasized because of their nutritional values and various benefits [1] . Fruits are source of minerals, vitamins and other essential growth factors that are needed for body metabolism. The nutritional contents of fruits vary, thereby making some of them to be highly demanded than others [2] . However, annual reports have shown that 30 to 50% of fruits produced do not get to the final consumers due to spoilage, especially during the post-harvest stage [3, 4] . Substantial losses incurred during this stage are slight loss in organoleptic quality to total spoilage [5] . This affects the shelf life as well as the market value of the fruits. The losses occurred as a result of spoilage associated with microorganisms, especially fungi known to produce mycotoxins such as aflatoxin, patulin and ochratoxin, which are secondary metabolites that are harmful to humans and animals [6] .
The means to control post-harvest spoilage of fruits and fruit products is mainly by using preservative agents.
Despite the benefits of chemical preservatives, their persistent use has raised some public health concerns as regard their safety and possible detrimental effect on nutritional composition and organoleptic parameters of foods [7] . More so, the use of antibiotics by food industries as preservative agents has contributed largely to the global challenge of antibiotic resistance [8] . Therefore, food industries are currently in pursuit of adopting natural bioactive in plants as alternative preservatives to prolong shelf life of food products and to ensure the safety of consumers. The use of plant extracts as better alternative to chemical antimicrobials in the management of post-harvest spoilage of fruit is being researched on, thereby reducing incidence of multiple drug resistance and safeguarding food safety [9] . The peel of Citrus fruits such as orange, lemon, grapefruit, pomelo and lime is rich sources of essential oils. These Citrus essential oils (CEOs) contain various phytochemicals that have been reported to be effective against pathogenic microorganisms [10] . This study is therefore designed to evaluate the inhibitory activities of EOs from lemon (Citrus limon), grapefruit (C. paradisi) and lime (C. aurantifolia) against selected microorganisms associated with the spoilage of various fruits.
Materials and methods

Collection of fruit samples
Lime, lemon and grape fruits used as sources of essential oils were obtained from a farm at Ogbese, Ondo State. A total of 270 fruits, 30 each of pawpaw, apple, pineapple, watermelon, banana, orange, cucumber, tomato and African star apple were obtained from different locations (markets/depots) in Akure. All the samples collected were separately placed in a sterile polythene bags and labelled appropriately, before transported to Microbiology laboratory, The Federal University of Technology, Akure (FUTA), for the microbial analysis. The authentication of each fruit was carried out at the Department of Crop, Soil and Pest Management of the University.
Isolation of microorganisms
Fruits were surface sterilized with 70% v/v alcohol, 1% v/v sodium hypochlorite to eliminate the normal microflora of the fruits and then rinsed three times in sterile distilled water. Segments of tissues from the margins of the rotten areas were aseptically cut and transferred into sterilized peptone water (20 ml). The specimen was shaken vigorously and then allowed to stand for 30 min. From this, tenfold serial dilutions were done, and an aliquot of 0.1 ml of 10 5 was then aseptically transferred into Petri dish and molten nutrient agar was introduced. The plate was gently swirled and allowed to solidify at room temperature, after which the plates were incubated at 37 °C for 24 h. For the isolation of associated fungi, 0.1 ml aliquot from 10 4 was aseptically dispensed into Petri dishes, and thereafter, sterilized molten potato dextrose agar (PDA) was transferred into the Petri dish and incubated for 2-3 days at 25 °C. Discrete colonies were observed, counted, recorded as colony forming unit per gram (cfu/g) for bacteria and spore forming unit per gram (sfu/g) for fungi.
Identification of isolated microorganisms
Colonies with unique morphological appearance were selected from the plates. A single pure colony was obtained by subculture [11] . Isolates were tentatively grouped according to their morphological, cultural and staining characteristics. Biochemical tests carried out include: catalase test, production of hydrogen sulphide (H 2 S), indole, urease, methyl red, oxidase, coagulase, motility, methyl red, Voges-proskauer, starch hydrolysis and sugars fermentation. The biochemical results were compared with Bergey's Manual of Systematic Bacteriology [12] . The isolated fungi were identified using cultural and morphological characteristics [13, 14] , and microscopic observations were interpreted according to Barnett et al. [15] . Standard antibiotic susceptibility profiles were used to select bacteria and yeast for molecular studies and used as indicator microorganisms.
Molecular identification of bacterial and yeast isolates
Single colony of bacteria and yeasts was grown in Luria Bertain medium for 24 h. Extraction of DNA was done according to the method described by Zolan and Pukkila [16] . 16S universal primers were used to amplify 16S rRNA gene of bacteria, while ITS primer was used for yeast gene amplification. The PCR mix comprised of 1 µl of 10× buffer, 0.4 µl of 50 mM MgCl 2 , 0.5 µl of 2.5 mM dNTPs, 0.5 µl of 5 mM forward and reverse primers, 0.05 µl of 5 units/µl Taq with 2 µl of template DNA and 5.05 µl of distilled water to make-up 10 µl reaction mix. The PCR profile used was initially denatured at 94 °C for 3 min, followed by 30 cycles of 94 °C for 60 s, 56 °C for 60 s, 72 °C for 120 s and the final extension temperature of 72 °C for 5 min and the 10 °C hold forever. A 5 μl of PCR products then visualized by electrophoresis in 1.5% agarose (Bioline) in 1× TAE buffer for 25 min at 100 V. The amplicons were purified before the sequencing using 2 M sodium acetate wash techniques. Sequencing of PCR products was performed. The full-length gene sequences were compiled and compared with those from the National Centre of Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool (BLAST) program.
Extraction of Citrus essential oils
Essential oils were extracted from the Citrus rind by the process of steam distillation for 5 h using a Clevenger apparatus [17] . The volume of CEOs was determined from a calibrated trap. The EOs in the distillate were dried over anhydrous Na 2 SO 4 and kept in the freezer. The EOs was extracted from collected material by hydrodistillation for 5 h using Clevenger-type apparatus [18] . A clear, light yellow coloured, oily layer was obtained on the top of the aqueous distillate, which was separated from the latter and dried with anhydrous sodium sulphate. The extracted EOs were kept in air-tight sealed glass vials covered with aluminium foil at 4 °C until further analysis.
Qualitative phytochemical analysis of Citrus essential oils
Qualitative and quantitative phytochemicals in CEOs were determined using the standard methods reported by Trease and Evans [19] , Harborne and Baxter [20] . The bioactive compounds in the most effective CEOs were determined by gas chromatography-mass spectrometry (GC-MS). Briefly, GC-MS (QP2010 plus Shimadzu, Japan) was equipped with a split injector, an ion-trap mass spectrometer detector and a fused-silica capillary column having a thickness of 1.00 μm, dimensions of 0.32 mm × 30 m and temperature limits of 60 °C to 325 °C. The column temperature was programmed between 60 and 240 °C at a rate of 0.5 m/s with pressure of 100.2 Kpa. The temperature of the injector and detector was at 250 °C and 200 °C, respectively. Helium gas was used as a carrier gas at flow rate of 0.46 m/s. The MS analysis was done based on comparative retention times, mass and peaks of chemical compounds using the computer-aided matching of unknown mass spectra of compounds with the known compounds stored in the software database library from the National Institute of Standards (NIS), Washington, USA, having more than 62,000 patterns as the reference database. This library enables the facilitation of comparison of generated spectra with the standards using probability-based matching algorithms (PBMA). The GC-MS had been pre-fitted with a set of automated internal validity programmes for the analysis, including the adjustment of retention time function, scan measurement, quick and accurate compound identification from chromatogram with search based on mass spectra similarity and other quality. The name, molecular weight and the structure of the components of the tested materials were ascertained with database library from the NIS, Washington, USA.
In vitro antimicrobial activity of CEOs
The antimicrobial efficiency of the CEOs against the spoilage microorganisms isolated from various fruits was carried out using agar well diffusion [21] . Briefly, suspension of test microorganisms was adjusted with the aid of spectrophotometer (UNICO 1100 RS) to 0.5 McFarland standard according to the method of Clinical and Laboratory Standards Institute CLSI [22] . Sterile cotton swabs were dipped in the microbial suspension and evenly spread over the entire surface of the agar plate to obtain uniform inoculums. Well in plate was made using a sterilized cork borer. Prior to this assay, the extract was sterilized by passing through a Millipore membrane filter (0.22 μm). The sterility of extract was further confirmed after Millipore filtration, by introducing 0.1 ml of supposed sterile extract into sterilized nutrient agar and potato dextrose agar. The plates were incubated at 37 °C for bacteria and 25 °C for fungi. Concentration (100 mg/ ml) of CEOs was obtained by reconstituting with DMSO (2%). Each CEO (50 μl) was dispensed in respective well using micropipette. Chloramphenicol and nystatin were used as positive controls against bacteria and fungi, respectively, while DMSO (2%) was used as the negative control. All the plates were labelled appropriately and incubated at 37 °C for 24 h for bacteria and at 25 °C for 48 h for fungi. Each test was carried out in replicates. The diameter of inhibited zones around wells was measured in millimetre (mm). The synergistic effect of lime, lemon and grapefruit essential oils (1:1 v:v and 1:1:1 v:v:v) against isolated microorganisms was also assessed using the method described above.
Determination of minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) and minimum fungicidal concentration (MFC)
The MIC, MBC and MFC of CEOs against the microbial isolates were determined using the guidelines of CLSI [22] The CEOs were reconstituted using 2% v/v DMSO. The varying concentrations (100, 75 50, 25, 12.5, 6.25 mg/ ml) of the extracts were prepared and incorporated into a set of sterile tubes. Each tube was then inoculated with 0.1 ml of standardized test organism and incubated for 24 h and 48 h for bacteria and fungi, respectively. From each tube, 0.5 ml was plated on nutrient agar and potato dextrose agar using pour plate technique to enumerate the viable count after incubation. The MICs were recorded as the lowest concentration of CEOs preventing growth of macroscopically visible colonies on plates at the time when there was visible growth on oil-free plates.
To determine the MBC and MFC, further incubation was done for 24 and 48 h for bacteria and fungi, respectively, and the concentration at which no visible growth was seen after the further incubation was noted as the MBC and MFC. Table 1 shows the total microbial count from each fruit collected from various depots. The highest bacterial count (5.84 × 10 5 cfu/g) was recorded in tomatoes collected from King's market, while apple fruits had no bacterial growth. African star apple from Owena market had the highest fungal count of 3.04 × 10 5 sfu/g, while pawpaw obtained from FUTA Southgate market axis had the least fungal count of 1.10 × 10 4 sfu/g. The total fungal count for the apparently healthy fruits ranged between 0.20 and 1.87 × 10 2 sfu/g, but there was no bacterial growth on all apparently healthy fruits.
Results
Total microbial load of selected fruits
Types and distribution of microorganisms isolated from spoilt fruits
Bacteria, yeast and mould were isolated from the spoilt pawpaw, apple, pineapple, watermelon, orange, cucumber, tomato, banana and African star apple ( avenaceum, F. solani, Penicillium digitatum, P. expansum, Rhizopus stolonifer, R. oryzae, Alternaria alternata, Saccharomyces cerevisiae, Candida tropicalis, C. krusei, Kluyveromyces marxianus, Torulopsis fragaria, Pichia kluyveri, P. fermentans, P. anomala, Geotrichum candidum, Zygosaccharomyces rouxii and Z. bailii. Lactobacillus plantarum was the most predominant bacterium with value of 23%, while Aspergillus niger was a fungus with the highest manifestation in all the fruits with frequency of 24.4%. Other species of Aspergillus had a combined frequency of 21.7%. Fusarium species had combined occurrence of 29.1% and were present from all fruits except apple, while Erwinia cacticida and Alternaria alternata were the least encountered bacterium and fungus with values of 2.6 and 1.9%, respectively. Molecular identification of the bacterial and fungal isolates is shown in Table 3 . The sequence obtained was analysed with Basic Local Alignment Search Tool (BLAST) in National Centre for Biotechnology Information (NCBI) database.
Phytochemicals and bioactive compound in CEOs
The quantity of phytochemicals in CEOs is shown in Fig. 1 . Phenol, flavonoids, alkaloids, steroids and shows chromatogram peaks for each bioactive compounds in CEOs, while Table 4 shows the peak area, molecular weight of bioactive compounds identified by GC-MS. Limonene, alpha-terpineol, beta-pinene, terpinen-4-ol, alpha-phellandrene and others were present in CEOs. 
Discussion
The findings of this study revealed an array of microorganisms isolated from spoilt pawpaw, apple, pineapple, watermelon, orange, cucumber, banana, tomato and African star apple. The predominance of fungi in the fruit samples is in agreement with the findings of Singh and Sharma [23] who reported that spoilage of fruits is mainly caused by fungi. High sugar concentrations in fruits assist the development of fungi because they are xerophilic in nature [24] . The presence of pathogens on susceptible host fruit, availability of various essential nutrients such as sugars, minerals, vitamins, amino acids as well as suitable environmental conditions supports fungi colonization and disease expression [25] . The variation in occurrence of spoilage microorganisms of fruits can be related to type of fruits, farm location, method of harvest and level of hygiene maintained by fruit sellers/handlers. Some of the microorganisms isolated from fruit were Penicillium spp., Rhizopus spp., Fusarium oxysporum and Mucor piriformis. Akintobi et al. [26] and Tafinta et al. [27] have isolated similar microorganisms from pawpaw, orange and tomato in Ibadan, Nigeria. In a similar context, deterioration of fruits (pawpaw, orange, tomato, pineapple and watermelon) had reportedly linked to Aspergillus niger, Aspergillus flavus and Rhizopus stolonifer by Chukwuka et al. [28] and Mailafia et al. [25] . These microorganisms caused different types of spoilage in fruits, which had been associated with economic losses. Soft rot of apple caused by blue mould; Penicillium spp. is the most concerning postharvest disease of apple worldwide [29] , while species of Aspergillus, Rhizopus and Mucor are responsible for the soft rots of orange [30] . The fungi invade the apple tissues by releasing pectic enzymes that break down the gel-like pectic compounds that cement the apple cells together [31] . Penicillium digitatum causes a devastating and rapid green rot of Citrus spp., while blue rot of apples and pears is caused by Penicillium expansum [32] . Rhizopus stolonifer and Mucor piriformis are reportedly responsible for the rapid decay of soft fruits such as raspberries, tomatoes, orange and loganberries. These moulds can spread rapidly especially on commodities stored at temperatures above 20 °C [33] . M. piriformis has been described as a destructive pathogen of strawberries [30] . Aspergillus niger, one of the fungi isolated, is known to be responsible for black mould rot of fruits such as cherry, grapes, banana and mango in the report of Sharma [34] . Akintobi et al. [26] who reported that species of Rhizopus, Aspergillus, Penicillium and Candida tropicalis are responsible for rot of pawpaw. The isolation of Aspergillus niger, Rhizopus stolonifer, Mucor species from tomato agreed with studies of Chuku et al. [35] and Akinmusire [36] who reported that A. flavus and A. fumigatus were major spoilage microorganisms of tomato. Fungal isolates:
Aspergillus, Mucor, Rhizopus, Penicillium and Fusarium have been reported to be the major deteriorative agents of watermelon and pineapple [37] . The presence of these microorganisms on fruits from the farm to the final products can have a health implication on human. Out of the fungi isolated, the presence of Aspergillus niger, which causes a black mould in certain fruits and vegetables as well as producing potent mycotoxins like aflatoxin and ochratoxin agreed with the work of Akinmusire [36] and Onuorah and Orji [38] . Poostforoushfard et al. [39] reported the contamination of apple juices in Southern Iran by patulin that was produced by P. expansum. This mycotoxin is often present in apple juice and apple products; although ochratoxin A is predominantly a problem in commodities such as cereals, cocoa and coffee, it is also found in grapes and grape products. Therefore, the biological control of fruits spoilage is quite important to guarantee the safety of the consumers. Some plants possess antimicrobial activities because they contain secondary metabolites that are responsible for bioactivity to prevent colonization of spoilage microorganisms. In this study, the antimicrobial activities of CEOs were tested against isolated microorganisms from fruits. The presence of phytochemicals in CEOs confirmed the claim of Mathew et al. [40] and Ozcan et al. [41] . The researchers stated that CEOs possess abundant phytochemicals. These phytochemicals varied in Citrus spp., as lime EO was found to have more phytochemicals than lemon and grapefruit EOs. The findings agreed in part to the results of Oikeh et al. [11] who revealed the presence of alkaloids, phenols, flavonoids, steroids, terpenoids, saponins and cardiac glycosides in lime, lemon and grape juice. However, they did not detect the presence of anthraquinones and tannins in lime, while phenols and flavonoids were detected in low amount in lime and lemon. These variations may be influenced by various factors such as genotypic differences, geographic and climatic conditions, time of harvest, age of the Citrus spp., extraction techniques adopted and even cultural practices [42] .
Apart from the antimicrobial efficacy of these phytochemicals, they have been reported to be of higher medicinal importance. Saponin, which was present in lime and lemon EOs, is reported to boost the immune system and fight against pathogens that cause infections [43] . Flavonoid was abundantly present in the CEOs. It is water-soluble polyphenolic molecules that are mainly responsible for the colouring of fruits and vegetables [44] . Flavonoids have been the major antioxidant compounds in fruits and vegetables, hence it promotes health benefits such as anti-cancer, diuretics, antispasmodic, antidiabetic and anti-viral [45, 46] . These may make the EOs of C. aurantifolia, C. limon and C. paradisi useful to prevent some diseases.
The CEOs possessed antimicrobial activities against fungi and bacteria. The highest antifungal activity of CEOs tested in this study was in agreement with previous findings of Tullio et al. [47] . Although, a comparison of studies with different methodologies is difficult, our findings correlate with that of Vitoratos et al. [5] who showed that lemon EO was effective against Penicillium spp. and Botrytis cinerea. The efficient fungal growth reduction by oil of C. aurantifolia in this work correlates with the findings of Van et al. [48] who reported the growth reduction in Fusarium species by the CEO. Growth inhibition of Bacillus cereus with the application of CEOs was reported by Madhuri et al. [49] . The inhibitory potential of CEOs against tested microorganisms could be associated with the presence of monoterpenes. The main constituents of the lime oil of this study are limonene, beta-pinene and alpha-terpineol, which are classified as monoterpenes [50] . This agreed with the report of Jafari et al. [51] who pointed monoterpene hydrocarbons as the most abundant compounds in EO of lime. Limonene in studied lime EO corroborates the study of Ammad et al. [52] who reported that limonene was the major bioactive compound isolated from Citrus and has strong antifungal activity against fungi that caused decay on grapevine wood. The presence of limonene in lemon EO in this work agreed with the findings of Ammad et al. [52] who detected 70% limonene in lemon EO, although the quantity obtained in this work was lower than theirs. This variation in composition could be a function of factors such as developmental stage of the plants, the organs harvested, the period and the geographical area of harvest. The antimicrobial efficacy of limonene against microorganisms could be its ability to interfere in energy homeostasis and caused cell membrane damage [53] . Studies carried out by Budzyńska et al. [54] and Mondello et al. [55] reported the strong antibacterial activity of terpinen-4-ol, which was found to be present in both lime and lemon.
Lime EO had the best antimicrobial activity when the extracts were used singly, followed by lemon EO and least by grapefruit EO. The presence of more phytochemicals in lime EO could be responsible for better antimicrobial efficiency. EOs containing high composition of aldehyde or phenol were reported to exhibit a high inhibitory effect, followed by those containing alcohol, ketone and ether [47, 56] . Research by Ozcan et al. [41] also reported the health benefits of phenols from fruits of Citrus especially, their antioxidant and antimicrobial properties. Phenols have anti-carcinogenic and anti-mutagenic effects since they act as protective agents of DNA against free radicals [41] . The high inhibitory potential of lime EO could be due to the presence of cyclic terpene hydrocarbons like alpha-pinene, beta-pinene and limonene that have showed a toxic effect on microorganisms [57] . The lipophilic character of these cyclic terpenes makes them to accumulate in the lipid structure of the cell wall, which then causes denaturing of proteins and loss of cell membrane integrity leading to cytoplasmic leakage and finally death of microorganisms [58] . Hence, it is not surprising that lime EO proved to be the best microbial growth inhibitor because of phenol as the major contributor to its bioactivity. However, lime and lemon EOs synergistically proved to be the most effective CEOs against the tested microorganisms. The better antimicrobial efficacy may be as a result of the mixture of chemically different biologically active compounds such as terpenes, both oxygenated and non-oxygenated [59] . Dinan et al. [60] revealed that the mode of action of EOs takes place against microorganisms by attacking the microbial cell wall, which resulted in increased permeability and loss of cellular constituents, acidification of the cytoplasmic content; blocking the production of cellular energy and synthesis of structural components; and, finally, destruction of genetic material leading to the death of the microorganisms [61] . The synergistic activity of CEOs may be due to their actions on microbial cell membrane.
The antimicrobial potency of CEOs may be influenced by the interactions between its constituents and is better in synergism than when its major components are tested separately [62] . Lambert et al. [63] revealed that the synergy between thyme oil's main constituents, carvacrol and thymol, facilitated its antibacterial efficacies against Staphylococcus aureus and Pseudomonas aeruginosa. Therefore, the synergism between different components of two or more CEOs plays an important role in proffering a better antimicrobial activity than when used in solitary. As a result, plant secondary compounds possess several modes of action on fungal strains, but a different antimicrobial mechanism of action of the CEOs to that of currently used antibiotics further emphasizes their value as antimicrobial agents against multi-drug-resistant strains. The evaluation of the antifungal activity of CEOs revealed their inhibitory effect against most of the fungal strains, but the MIC and MFC results indicated that higher concentrations inhibit fungus more efficiently than when diluted. In the findings of Sharma and Tripathi [64] , a concentration of 3.0 mg/ml of EO from C. sinensis was potent enough to inhibit mycelial growth of postharvest spoilage pathogens and significantly reduced the growth of A. niger in a dose-response manner. The CEOs exhibited different degrees of inhibition on the growth of the tested fungi, but Penicillium digitatum was the most sensitive to CEOs inhibition. This agreed with findings of Caccioni et al. [65] and Jing et al. [66] who reported the antifungal efficacies of EO from C. sinensis against P. digitatum and P. italicum.
Conclusion
CEOs exhibited pronounced inhibitory potential against microorganisms associated with fruits spoilage. Hence, the availability of Citrus peels that are often considered as waste in developing countries can be exploited for medicinal uses. The bioactive ingredients in CEOs can therefore be used as alternative to chemical preservative agents that have displayed some side effects.
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